The molecular structural parameters, the vibrational fundamentals, the potential barrier height to internal rotation, and the standard enthalpy of formation for each of the six fluoroethanes in which at least one of the internally rotating groups is a symmetric top have been extensively studied· and recommended values selected. Chemical thermodynamic properties of molecules in the ideal gas state at temperatures from 0 to 1500 K have been calculated with the rigid-rotor harmonic-oscillator ap· proximation. The calculated values are in a very good agreement with the existing third-law entropies.
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Introduction
This is the third part in a series of studies on halogenated alkanes with one and two carbon atoms [1, 2] 1 to provide a useful reference source of standard data on ' the ideal gas thermodynamic properties derived from available information on spectroscopic and calorimetric measurements. The most recent fundamental physical constants [3] together with the recommended mass units, C = 12.011, H = 1.008, and F = 18.9984, have been used._
The structural, parameters and the vibrational fundamentals of C 2 H 5 F, CH 3 CHF 2 , CH 3 CF 3 , CH 2 FCF 3 , C 2 HF 5 , and C 2Fs have been selected from experimental data. The parameters of 1,1,1,2-tetrafluoroethane were estimated by correlating properties of other fluoro-and chloromethanes and ethanes. The principal moments, if spectroscopically unavailable, and also the reduced moment for each molecule have been calculated with the Kilpatrick-Pitzer procedure [4, 5] . A thre~-fold symmetric potential function for internal rotation about the C-C bond has been assumed for all the molecules excepl flUUIuelhaue fUI which an additional six-fold term, V6 , was required to fit the observed torsional transitions [6] . The potential barrier height can be evaluated from the Mathieu equation [7] , using the corresponding torsional fundamental and the reduced moment of the rotor in question. The ratio VS/V3 can also be estimated if higher torsional, transitions have been observed. Energy levels of internal rotation, at least up to 15000 cm -1, have been derived from the diagonalization of the Hamiltonian matrix [8] 2. Based on the selected values of principal moments of inertia, vibrational fundamentals and energy levels of internal rotation, ~he ideal gas thermodynamic properties, namely C;, So, HO-Hro and -(Go_Ho) /T have been calculated in the rigid-rotor harmonic-oscillator approximation. Comparisons of calculated and observed values have been made whenever experimental data were available.
The standard enthalpieS of formation in the ideal gaseous state f1Hr (g, 298.15) for four fluoroethanes have been obtained from enthalpies of reaction or enthalpies of combustion, after making corrections to impose consistency with recent experimental data. Since calorimetric'data are not available for C 2H5F -and CH 2 FCF 3 , the values of IlHfu (g, 298.15) have been derived from correlative procedures. Based on the selected values of aHfo (g, 298.15) for the substance from this study and necessary input data on the 'elements, viz., HO-H~ and -(Go-ll~)/T for C (graphite), H2 (g) and F 2 (g) from a previous study [1] , the chen,!ical thermodynamic property values of f1Hf o , il.Gfo and log Kf in the temperature range 0 to 1500 K and at 1 atm have been evaluated.
Fluoroethane (Ethyl Fluoride)
The structural parameters for fluoroethane were incompletely derived from an analysis of the observed rotational transitions in the microwave spectrum [9] . The molecule was considered to be a slightly asymmetric prolate rotor and stable in its stagge'red configuration. This conclusion was later confirmed, and the molecular structure was determined as completely as was feasible at that time from the microwave spectra of eleven isotopic derivatives of ethyl fluoride containing l3C and deuterium [10] . Because of uncertainties in the structure derived from microwave spectra, Nygaard [11] reexamined all the previously reported absorption frequencies and employed a least squares method to obtain the principal moments of inertia and. consequently, the complete set of structural parameters taking into account vibration-rotation effects and bond shortening correction on isotopic substitution. Because of her systematic treatment of all available information, Nygaard's values for the principal moments and structural parameters along with the calculated reduced moment of inertia were 5ele~ted and lis led llllaLle 1-1.
The fluoroethane molecule belongs to the C s point group. A Raman spectrum for the liquid phase and infrared spectra for the liquid and vapor phases are available [12] . The low-frequency torsional baJ.lds were observed in an infrared [13] and a far-infrared [6] spectrum of the gas phase. Shimanouchi [14] critically reviewed the reported spectral data and selected the vibrational fundamentals listed, in table 1-1 which were adopted for the calculation of thermodynamic properties.
The torsional fundamental f-or fluoroethane was determined from a very weak Raman line [12] , microwave relative intensities [9] , and torsional -bands in infrared [13] and far-infrared [6] re~ons. The various vallies of the potential barrier to inter~al 'rotation were derived from th~ corresponding values of the torsional fundamental and reduced moment of inel-tia: as ~hown in table 2 -1. The potential barrier obtained from splittings of torsional satellites in a microwave spectrum [16] cal mol-i gave a slightly better over-all fit to all the observed torsional transitions [6, 15] , as shown in table 1-3, and that the torsional fundamental was calculated to be 243 cm-I, which was the same as that selected by Shimanouchi [14] . Therefore, V3=3306 cal mol-1 and V 6 =-7 cal mol-l have been used in this work for the calculation of energy levels of hindered internal rotation. The barrier heights [17, 18] estimated from semi-, empirical procedures have also been given in a footnote to table 1-2 for comparison. Since no experimentally measured enthalpy of formation of ethyl fluoride has been found, it was estimated of the four structural parameters listed in table 2-1. The C-H distances and HCH angle identified by a superscript, b, were transferred from various methyl halides [25] . Since this is the only source of structural information, it was used in our calculations. a Bond distances in 10-8 cm and bond angles in degrees. bAssumed value, see ref. [25] .
The 1,I-difluoroethane molecule has C s symmetry. The infrared and Raman spectra of its vapor and liquid were observed by !Smith, !Saunders, Nielsen, and Ferguson [12] who found no evidence for the low torsional mode from their analysis.' The selection of the vibrational assignments is based on their intensities. Both V3 and V4 show strong absorption in both infrared and Raman spectra. Therefore, the average values were selected for these two frequencies. Recommended values of fundamentals are also included in table 2-1. The reported values of the torsional mode, the barrier height V3 and the reduced moment of inertia have been summarized in table 2-2~ From a systematic comparison of the vibrational fundamentals for ethane, fluoroethane, 1,I-difluoroethane, and 1,1,I-trifluoroethane, the torsional fundamental was deduced [12] . It was also determined from the relative intensities of microwave spectral lines [24] . The barrier height V3 was obtained from the average of the results derived from splittings of eight . torsional satellites in a microwave spectrum [16] . Later, F ateley and Miller [26] 
From chromatographic and mass spectrometric analyses the purity of CF 2HCHa sampl~ was estimated to be greater than 99.5 mol percent. However, 0.4 wt. percent of CO2 was detected when the sample passed through a system of absorption tubes. The sample was prepurified with Ascarite and then burned in a bomb calorimeter lined with platinum. The combustion products were determined quantitatively by analyses for CO 2 by w~ight and aqueous HF by titration. Less than 1 percent of unreacted CF 2HCH 3 was tound in a mass spectrometric analysis, however, unburned CF 2HCH 3 could not affect 
1,1, l-Trifluoroethane (Methyl fluoroform)
l,l,l-Triftuorethane is also called ~'reon "F-143." The molecular stru~ture was investigated by electron diffraction measurements [30] [31] [32] [33] and by microwave techniques [34] [35] [36] . Structural data were also reported in references [37, 38] . By considering the completeness of the structural parameters and their experimental uncertainties, we have sele~tecl the values of Rclgell, :tyIiller and Amy [36] and calculated the principal moment Ie and the reduced moment lr;The principal moments', fA and I B , were obtained from'the rotational constants [36] . infrared and Raman, whereas the torsional oscillation of species a~ is inactive in both cases. A liquid Raman spectrum was observed [39] and vibrational assignments were made [40] . Drastically conflicting assignments for some vibrational modes based on infrared spectra have been published [41] [42] [43] . Later, a complete assignment of vibrational fundamentals based on Raman and infrared spectra [37, 44] in gaseous phase was made that appears consistent and reliable. The mean value of the doubly degenerate mode Va derived from five binary combination bands [43] is 365 cm-
however 368 cm-1 was chosen [431 to a~ee with the earlier assignment from a liquid Raman spectrum [40] . A weak and diffuse Raman band at 365 cm-1 [37] and a strong infrared band with Q branch at 367 cm-1 [44] were observed later. More recently, a single strong band at 365 em -1 in an infrared spectrum of purified CF 3CH 3 was found [45] . We have selected the vibra- [45] and for the torsional mode described below. Various values for the barrier height to internal rotation have been estimated from fitting a third-law entropy [40, 41] , from a heat capacity at constant volume [46] and also from low temperature heat capacity data [47] . These value~ cannot be leliable ill view of the controversial vibrational assignments employed in the calculations. The values of the torsional mode obtained from microwave relative intensity measurements [48, 49] and infrared combination bands of CF 3CH 3 gas [37, 38, 42, 45] 
This work a Values in parentheses were derived from the corresponding reduced moments and torsional fundamentals. In addition, 3350 cal mol-1 was estimated from semi·empirical procedures [27] .
I> Derived from calorimetric and spectral data. C The value was not indicated, but presumably was derived from the structural parameters [31) .
d The value was not indicated, but presumably was derived from the structural parameters [34] .
e Indirectly inferred from infrared combination bands, 172 cm-1 and 218 cm-1 proposed as likely for the torsional mode. The latter assignment was c~lDsidered more likely with a barrier height of 3210 cal mol-I, however; 3000 ±200 cal mol-1 was preferred.
fThe value was not indicated, but presumably was derived from the structural parameters [30] .
calorimeter lined with platinum. The fractionally distilled CF 3CH 3 sample was checked by mass spectrometry and w~s free from fluorine-containing impurities. An optimal gas mixture of 2 atm of CF 3CH3 and 6 atm of oxygen was ignited by electric current. The combustion products of the reaction aHF(CFaH, g)=-I65.7:::t:l [1] CFaH-CFa·+H· l1Hfo (H·, g) = 52.059 [20] l1HfO(CFa ·)=-1l1. The molecule of CFHzCF a belongs to the C s point group. In a far-infrared spectrum of the gas, Danti and Wood [57] observed four low-frequency bands. Edgell, Riethof, and Ward [58] observed both the infrared spectrum ~f the gas and the Raman spectrum of the liqUid and then made a complete assignment of the vibra~ tional fundamentals. Nielsen and Halley [59] , who seemed unaware of the work by Edgell et aI., also observed an infrared spectrum of the gas and Raman spectra of the gas and the liquid. However, only two strong sharp bands were found in the Raman spectrum of gas. The conflicting J'lssignments [ It is possible that the band at 1431 cm-l in the gas infrared may shift to 1459 em-lin the liquid Raman spectrum [58] , but it seems more appropriate to consider them as two fliff~r~nt fundamentals corresponding to 1427 cm-l and 1461 cm-l [59] . The very weakband at 1067 cm-1 [58] may be due to an impurity. The assignment of the two bands at 972.4 cm -1 and 908 cm -1 (58] should be exchanged so that they are the CC stretching mode of a' symmetry and the CHz rocking mode of a" symmetry. Similarly the assignment of the 407 cm-1 and 358 cm":" l bands should be exchanged so that they are the CCF deformation of a' and the CF3 rocking of a" symmetry, respectively. It is not known why the infrared p~ak at 1375cm-1 , which is in excelleIlt agreement with 1374 cm-l [58] , was not chosen [59] . This band may either represent the CFa stretching of n." or the f:H2 twi~ting of a" • though the wavenumber b A, strong sharp band at 2984 cm -1 was observed in the Raman spectrum of gas. e A strong sharp band at 841 em -1 was observed in the Raman spectrum of gas. d Torsional mode. 449 seems slightly, but not unreasonably, high. As was indicated [59] , 665 cm-t was assumed to be a superimposition of at and a" and so was 225 cm-t , However, it was also indicated [59] that one of the three weak bands near 1065,,885, and 770 cm-1 should replace the aU fundamental at 665 em-t. The CH z rocking mode of a" is most likely at 885 em -1 which may be equivalent to 908 cm-1 [58] , The superimposed a" band at 225 em -1 should be dropped since the bands at 539 
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In a far-infrared spectrum Danti and Wood [57J first observed the torsional mode for the 0-1 transition at 120 ± 2 cm-1 which has been selected and leads to a barrier height of 4428 cal mol-1 with our value for the reduced moment. The torsional fundamental has also been estimated from a liquid Raman [58] and a gas infrared [60, 61] 
Pentafluoroethane
Tipton, Britt, and Boggs [63] determined the molecular structure of CF z HCF 3 by fitting the observed rotational constants obtained from the microwave spectrum. By use of the most recent fundamental physical constants [3] , the principal moments and the reduced moment of inertia have been del-ived, re5pectively, hon'! the rotational constants and the structural parameters [63] .
The recommended values are given in table 5-1.
The molecule CF 2 HCF 3 has C s symmetry. Gas-phase infrared and Raman spectra and a liquid-phase infrared spectrum were observed by Nielsen, Claassen, and Moran [64] . A study in the far-intrared region for the gaseous compound was reported by Brown, Claque, Heitkamp, Koster, and Danti [65] . An infrared spectrum of the gas and Raman and infrared spectra of the liquid were examined by Kinumaki [64] values have been selected for the ten higher fundamentals. Brown's et al. [65] values have been selected for the lower fundamentals except for the CF 2 rocking (V17) and torsion (VIS) fundamentals for which' Kinumaki and Kozuka's values· fl81 have been selected.
The torsional fundamental was determined from the intensity ratio of the ground-state and excited-state transitions in a microwave spectrum [63] . The determination of this mode from an infrared spectrum of the gas [60] was also reported [61] . Taking into consideration the uvel-lap of highel-traI~~ition8 (1 2, 2 3 . ..... ), the 0 1 torsional transition was assigned at 74.2 cm -1 which is higher by 0.8 cm -1 than the actually measured absorption maximum (73.4 cm-I ) in the far-infrared spectrum [65] . However This work a Values in parentheses were derived from the corresponding reduced moments and torsional fundamentals. In addition, 4020 cal mol-I was estimated [18] from semi-empirical procedures [27] . Ferguson and Whittle [54] measured equilibrium constants for reaction (5-1) and derived a second-law enthalpy of reaction ~Hro=5.S±0.2 kcal at 746.15 K from their data and that of an earlier work [66] . [70] for the reaction .at 51B.~5 K. 
Hexafluoroethane
The molecular structure of CZF6 was studied by clcc tron diffraction techniques [30, 33, 72] . The analysis of the electron diffraction data measured by Swick and Karle [72] with a sector microphotometer was considered to be more reliable and their structural parameters have 'been selected. The derived principal and reduced moments of inertia are given in table 6-l. The C 2 F'6 molecule belongs to the Dad point group. The Raman spectra of liquid [73] and gas [74] and infrared spectra of the gas [75-79J were investigated.
Vibrational a~~ignment~, including the calculaled torsional fundamental, were given [80] from an analysis of all the reported spectral data. Shimanouchi [14] critically reviewed the specific references [77, 80] together with his earlier theoretical-work and selected wavenumbers for the vibrational fundamentals that . have been adopted in this work and are given in table 6-1.
As ~ result of the symmetry of C2Fs, its torsional mode is inactive.' The barrier height to internal rotation has been estimated to be approximately 4UUU cal mol-1 from electron-diffraction studies [33, 72] . Karle [81] reanalyzed his earlier work [721 and proposed a barrier height of 4300 cal mol-I. In a normal coordinate treatment [80] , the torsional mode, V4 = 68' cm-1 , was calculated from Va = 3920 cal mol-1 which was estimated [77] from ~pe~tral liMa, an assumed structure and a third-law entropy [82] . A torsional fundamental at about 88 cm-1 . has been estimated from coherent neutron scattering data [61] for the gas but was not considered to be accurate. On the basis of the observed [82] and calculated entropies, we have selected Va 4300 cal mol-1 and derived V4 = 71 cm-1 from our adopted structure. [82] or from semiempiIjcal procedur~s [18, 27] . With spectral data and an assumed molecular structure Va = 3920 cal mol-I was obtained [77] from the third-law entropy value [82] .
b Calculated from a normal coordinate analysis.
The bomb was pre-charged with 99.995 mol percent hydrogen to a pressure of 800 torr and then successively charged with purified CF aCFa to a total pressure of 1270 torr and. 99.9 mol percent NFa to a total pressure of 2300 torr. No more than 0.05 mol percent of the original CF aCF a and NF 3 in the reaction products was detected with infrared and mass' spectroscopy. Experiments were adjusted to yield the same final amount of HF so that the uncertainty in thermochemistry for HF was eliminated. [66] , (weighted average) -155.0±1.5 !1Hr (CF 3 CFa)=-320.1±2.4
Selected value: !1Hr (CF 3CF 3) a=_ 320.9 ± 1.5 a~Weighted average of -321.2± 1.1 and -320.1 ±2.4 kcal mol-to 
Conclusion
The vibrational fundamentals selected by Shimanouchi [14] were adopted for the calculathm of thermodynamic properties of C 2 HsF and, except for the torsional mode, of C2F 6. Whenever poss.ible, fundamental frequencies for the other compounds were based on observed spectral data. Conflicting assignments have been published for CF 3CHa and CF 3CFH2• The only thermodynamic data available for comparisons are the third-law entropies of CF 3CH3 of Russell et al. [40] and CF aCF a of Pace and Aston [82] . Our calculated values agree well within experimental uncertainties.
The principal sources of error in the calculated values of the ideal gas heat capacity and related thermodynamic properties at temperatures below about 700 K arise from the uncertainties in the assignments of the lowfrequency normal modes of vibration and the potential barriers to internal rotation. Table 7 summarizes the effect of an uncertainty in the potential harrlpr. It tabulates the change in the various thermodynamic properties which results from a decrease of 200 cal IJ.lol-1 in the height of the potential barrier. At any given temperature, these effects depend primarily on the height of the barrier. Thus, the effects are similar for the three compounds, fluoroethane, 1,1~ difluoroethane, and 1,1 ,1-trifluoroethane and for the three compounds, 1,1,1,2·:tetrafluoroethane, pentafluoroethane, and hexafluoroethane. Average .values for these two groups are shown in the table.
As the temperature increases, errors resulting from the assumption of the harmonic-oscillator rigid-rotor model become more important. 
